OBJECTIVE-Insulin has mitogenic effects, although hyperglycemia may be a risk factor for cancer in type 2 diabetes. It remains uncertain whether use of insulin increases cancer risk because of its effect on cell growth and proliferation or decreases cancer risk because of its glucose-lowering effect.
I
nsulin has mitogenic effects and is a stimulator and regulator of growth and proliferation of a variety of somatic cells (1) . It is suggested that insulin resistance and hyperinsulinemia may be important risk factors for cancer (2) (3) (4) . Recently, heated debates followed the publication of a series of observational studies that examined associations between use of insulin, in particular insulin glargine, and cancer (5) (6) (7) (8) , accompanied by an editorial (9) . On the other hand, a randomized controlled trial of 1,017 patients followed for more than 4 years (1,524 days in the insulin glargine group and 1,522 days in the neutral protamine Hagedorn insulin group) reported that the insulin glargine group had numerically lower risks of all neoplasms (relative risk: 0.9, 95% CI 0.64 -1.26) and all malignant neoplasms (relative risk 0.63, 95% CI 0.36 -1.09) than the neutral protamine Hagedorn insulin group (10) . Garg et al. (11) reviewed these studies and concluded that none of these observational studies found an overall increased cancer risk with insulin glargine.
Two studies have reported that hyperglycemia is associated with increased risks of colorectal cancer or nonspecific site cancer (12, 13) . Our group reported that abnormal lipids that may stem from hyperglycemia (14) were predictive of cancer in type 2 diabetes (15, 16) . It has been established that there is cross talk between lipid biosynthesis and renin-angiotensin system (RAS) in atherosclerosis (17) , which may be mediated by increased oxidative stress (18) . Our group further reported that the cross talk may be associated with increased risk of cancer in type 2 diabetes via increased activity of hydroxymethylglutaryl-CoA reductase (HGMCR) and insulin-like growth factor-I (IGF-I) pathways (19) . It is also proven that hyperglycemia has a potent but reversible effect on LDL oxidation (20) . Thus, if tight control of hyperglycemia can improve lipid metabolism, attenuate RAS activity, and reduce oxidative stress, it is plausible that use of insulin may reduce risk of cancer in type 2 diabetes by lowering blood glucose.
Based on this premise, we argue that use of insulin in type 2 diabetes would have dual effects: increasing cancer risk because of its effect on cell growth and proliferation and decreasing cancer risk because of improved internal milieu. To test the overall effects of use of insulin on cancer in Chinese patients with type 2 diabetes, we explored associations among insulin use, hyperglycemia, and incident cancer using the Hong Kong Diabetes Registry.
protocol (21) . Once a patient had undergone this comprehensive assessment, he/she was considered to have entered this study cohort and would be followed until the time of death. Ethics approval was obtained from the Chinese University of Hong Kong Clinical Research Ethics Committee. The Declaration of Helsinki was adhered to and informed consent was obtained from all the patients, at the time of assessment, for data analysis and research purposes.
Hong Kong has a highly subsidized health care system. The Hospital Authority is the governing body of all publicly funded hospitals and outpatient clinics. The public hospitals provide 95% of the total hospital bed-days and 80% of the outpatient visits, especially for patients with chronic and serious diseases, because of the noncompulsory nature of medical insurance in Hong Kong (22) . In this analysis, the clinical end points, including discharge diagnoses and mortality from enrollment to 30 July 2005, were recorded or otherwise censored on 30 July 2005. Details of all medical admissions of the cohort by that date were retrieved from the Hong Kong Hospital Authority Central Computer System, which recorded admissions to all public hospitals (23) . Mortality data from the Hong Kong Death Registry were also retrieved and cross-checked with hospital discharge status (22) . In Hong Kong, all medications are dispensed on site in both inpatient and outpatient settings. Drug use data were extracted from the Hospital Authority computer system that recorded drug dispensary data in all public hospitals including the start dates and end dates for each of the major drugs. The databases were matched by a unique identification number, the Hong Kong Identity Card number, which is compulsory for all residents in Hong Kong.
Drug prescription data have been computerized since 1 December 1996. From that date to 8 January 2005, 7,387 diabetic patients were enrolled in the registry. We sequentially excluded 328 patients with type 1 diabetes or missing data on type of diabetes, 45 with non-Chinese or unknown nationality, 175 with a known history of cancer or who were receiving cancer treatment at enrollment, 736 with missing values on any variables used in the analysis (see Table 2 for the list of variables), and 1,480 who had used insulin before enrollment. In the remaining 4,623 patients, we created a new-user subcohort (n ϭ 2,906) followed by sensitivity analysis in the original cohort (Fig. 1) . Study design. Prevalent users can contribute to two types of bias: 1) insufficient ascertainment of clinically silent events that may occur early in therapy and 2) the inability to control for disease risk factors that may have been altered by the study drugs under research (24) . Thus, prevalent user bias is considered to be one of the major contributing factors that results in the discrepancies between observational studies and clinical trials (24) . New-user designs are developed to eliminate both biases by restricting the analysis to people under observation at the start of the current course of treatment (24) .
In this study, we used a new-user cohort study design with one insulin user matched to two nonuser subjects on 1) age (Ϯ3 years); 2) smoking status (current and former); and 3) likelihood of initiating insulin therapy after enrollment (the likelihood of initiating insulin therapy in the nonusers was within the likelihood in the users Ϯ 0.05). In the new-user cohort, follow-up in insulin users commenced at the time of initiation of insulin therapy, for example, 2 years after enrollment in the registry (24) . To ensure comparability of these variables in the user and nonusers in each matched pair, the follow-up in the matched insulin nonusers also started at the same time after the enrollment as that of the case subject, that is, 2 years using the above example. To ensure that the matched nonusers had adequate follow-up period for comparison with the case subject, the time period of the nonusers from enrollment to the earliest date of cancer, death, or censoring times must be longer than the period of the matched user from enrollment to the date of initiating insulin therapy. For example, an insulin user started insulin 2 years after enrollment and then developed cancer 5 years after starting insulin therapy. A matched nonuser of the user developed cancer 6 years after enrollment. Thus, the user had 5 years of follow-up, whereas the nonuser had 4 years of follow-up in the new-user cohort. Any nonusers who died, developed cancer, or were censored within 2 years of enrollment were not eligible to be a matched nonuser of the user.
The likelihood of initiating insulin therapy was calculated using a logistic Table 3 plus matching criteria (i.e., age, smoking status, and probability of using insulin during follow-up period). , and retinopathy were selected for the predicting model (C statistic ϭ 0.79 and P for Hosmer and Lemeshow test ϭ 0.8288). The follow-up time in the new-user cohort was calculated as the period in years from the date of initiation of insulin therapy to the earliest date of cancer, death, or censoring. The follow-up time of the nonusers was calculated as the difference between the follow-up time of the nonuser in the original cohort design and the time period from enrollment to the date of starting insulin of the corresponding user. The 1:2-matched insulin new-user cohort has the following features: 1) without prevalent users; 2) follow-up started at the time of initiation of insulin therapy; 3) "baseline" characteristics in new users and matched nonusers in a matched pair were comparable (i.e., measured at the same time away from the starting time point of follow-up); and 4) a new user and its matched nonusers in each matched pair had similar age, smoking status, and likelihood to initiate insulin therapy. Clinical and laboratory measurements. Details of assessment methods and definitions of end points have been described elsewhere (15) . In essence, on the visit day, patients attended the center after 8 h of fasting to undergo clinical assessments and laboratory investigations. Apart from documentation of demographic data and clinical assessment of complications, fasting blood samples were taken for measurement of plasma glucose, A1C, lipid profile (total cholesterol, HDL cholesterol and triglyceride, calculated LDL cholesterol), and renal function. A sterile, random spot urine sample was used to measure ACR. Albuminuria was defined as ACR Ն2.5 mg/mmol in men and Ն3.5 mg/mmol in women. The abbreviated Modification of Diet in Renal Disease Study formula recalibrated for Chinese (25) was used to estimate eGFR expressed in ml ⅐ min
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, where SCR is serum creatinine expressed as mol/l (original mg/dl converted to mol/l) and 1.233 is the adjusting coefficient for Chinese. Lipids (total cholesterol, triglyceride, and HDL cholesterol) were measured by enzymatic methods on a Hitachi 911 automated analyzer (Boehringer Mannheim, Mannheim, Germany) using reagent kits supplied by the manufacturer of the analyzer. LDL cholesterol was calculated using Friedewald equation (26) . The precision performance of these assays was within the manufacturer's specifications. Definition of cancer. A trained team of personnel of the Hospital Authority routinely coded all the hospital discharge principal diagnoses including cancer and noncancer hospital admissions according to the International Classification of Diseases, Ninth Revision (ICD-9). Hospital discharge principal diagnoses, coded by ICD-9, were used to identify cancer events. The end point of this study was defined as having first incident cancer during follow-up (regardless of whether it was fatal or nonfatal; codes 140 -208). Statistical analyses. The SAS (Release 9.10) was used to perform the statistical analysis (SAS Institute, Cary, NC). The propensity score was calculated in the original cohort and automatically exported to a new SAS dataset. Then, matching was performed using SAS programming. After the matched new-user cohort dataset was generated, we performed stratified Cox proportional hazard regression analysis on the matched pairs to obtain hazard ratios (HRs) of initiation of insulin therapy and A1C for incident cancer.
A structured adjustment scheme was used to adjust for covariates. First, we obtained HR of use of insulin and A1C without adjusting for other covariates. Because we have previously reported the nonlinear risk associations of cancer with LDL cholesterol at values Ͻ2.8 mmol/l and Ն3.8 mmol/l, which were further modified by other parameters (27), we secondly adjusted for covariates with P Ͻ 0.30 selected by the stepwise algorithm among these cancer-associated LDL cholesterol-related risk interaction terms (indicator terms for LDL cholesterol Ͻ2.8 mmol/l plus albuminuria and Ն3.8 mmol/l) (27) : sex, duration of diabetes, alcohol intake (current and former), HDL cholesterol, triglyceride, systolic blood pressure, eGFR, Ln (ACRϩ1), use of antihypertensive drugs at enrollment, and use of ACE inhibitors or angiotensin II receptor blockers, statins, fibrates, and oral antidiabetic drugs (Table 1) from enrollment to cancer, death, or censoring dates, whichever came first. Third, restricted cubic spline was used in the stratified Cox model to adjust for nonlinear associations of covariates with cancer as previously reported (16) . The curve of HR versus A1C was calculated using restricted cubic spline (28) as previously reported (15, 29) . In addition, a life table method (Statistical Package for the Social Sciences for Windows, Release 13.0; SPSS, Chicago, IL) was used to examine the differences in the cumulative incidences of cancer and death over time.
Correlations between pairs of baseline covariates were checked using the Pearson correlation test and none of the pairs was highly correlated (correlation coefficient Ͻ0.60). Proportional hazards were checked. A two-sided P Ͻ 0.05 was considered significant.
RESULTS
Characteristics of the original cohort. At enrollment, the median age of the cohort (n ϭ 4,623) was 57 (25th-75th percentiles: 47-67) years with a median duration of diabetes of 5 (1-10) years. The median period from enrollment to the earliest date of cancer, death, or censoring was 5.11 (2.86 -7.15) years. Cancer incidence was lower in insulin users than nonusers (5.8 per 1,000 person-years vs. 9.7 per 1,000, P ϭ 0.0082) but death incidence was higher in insulin users than nonusers (24.0 vs. 9.6, P Ͻ 0.0001). The comparison of other variables, including drug use, is available in Table 1 . Characteristics of the new insulin user cohort. Of 973 patients who were started on insulin therapy, 971 had at least one matched nonuser (964 had two matched nonusers and seven had only one matched nonuser). Despite this careful matching, there were still significant differences in age, smoking status, and clinical and biochemical characteristics between insulin nonusers and users, albeit smaller than those in the original cohort. Compared with noninsulin users, insulin users had longer duration of diabetes, higher A1C, and worse lipid profile (higher LDL cholesterol, higher triglyceride, and lower HDL cholesterol), and were more likely to have albuminuria and renal dysfunction. Insulin users were also more likely to be treated with ACE inhibitors/angiotensin II receptor blockers, statins, and oral antidiabetic drugs (in particular, metformin) than insulin nonusers. The cancer incidence in insulin nonusers was much higher than in insulin users (49.2 per 1,000 person-years vs. 10.2, P Ͻ 0.0001). On the other hand, death incidence was comparable between insulin nonusers and users (P ϭ 0.8307; Table 1 ). Use of insulin and A1C for the risk of cancer. In the new-user cohort, A1C was marginally associated with an increased risk of cancer after adjusting for use of insulin, age, smoking status, and likelihood of use of insulin (P ϭ 0.0747). After further adjusting for all other covariates with a P Ͻ 0.3 (HDL cholesterol, triglyceride, eGFR, and use of metformin), A1C per percentage was associated with a 1.24-fold increase in the risk of cancer (95% CI 1.03-1.49, P ϭ 0.0267). The HR increased to 1.26 (95% CI 1.03-1.55, P ϭ 0.0230) after adjusting for nonlinear associations of covariates.
Use of insulin was consistently associated with decreased risks of cancer after adjusting for A1C, age, smoking status, and likelihood of use of insulin. After further adjusting for HDL cholesterol, triglyceride, eGFR, and use of metformin as well as taking nonlinear associations of covariates with cancer into consideration, the multivariable HR was 0.17 (95% CI 0.09 -0.32, P Ͻ 0.0001). On the other hand, use of insulin was not associated with death in the three adjusting models ( Table 2 ). The cumulative incidence of cancer was markedly lower in insulin users than in nonusers, although the cumulative incidence of death was similar in insulin users and nonusers during 7 years of follow-up (Table 3) .
For subsite-specific cancers, A1C was marginally associated with a higher risk whereas use of insulin was associated with lower risks of cancers of the digestive system (HR 0.19, 0.08 -0.46) and cancers of the nondigestive systems (HR 0.20, 95% CI 0.10 -0.41) ( Table 4) . Sensitivity analysis. We used the original cohort (n ϭ 4,623) to perform the sensitivity analysis, in which age, smoking status, and likelihood of using insulin during follow-up were used as covariates. The HR of A1C for cancer was 1.11 (95% CI 0.98 -1.26, P ϭ 0.0974) and that of use of insulin for cancer was 0.47 (95% CI 0.31-0.71, P ϭ 0.0003) in the model including only A1C and use of insulin without other covariates. After adjusting for the covariates of model 2 in Table 2 , the HRs of A1C and use of insulin were 1.17 (1.04 -1.33, P ϭ 0.0125) and 0.49 (0.32-0.73, P ϭ 0.0006), respectively. After further adjusting for nonlinear associations (model 3 in Table 2 ), the respective HRs of A1C (1.18, 1.04 -1.33, P ϭ 0.0102) and use of insulin (0.48, 0.32-0.73, P ϭ 0.0006) remained similar. The full range of association between A1C and cancer is shown in Fig. 2 .
DISCUSSION
In a new insulin user cohort of Chinese patients with type 2 diabetes, hyperglycemia was associated with an increased cancer risk, whereas insulin use was associated with a reduced cancer risk. However, both insulin and noninsulin users had similar incidence of all-cause death.
A series of observational studies have examined whether insulin glargine users were at higher risk of cancer than users of other types of insulin or metformin (5) (6) (7) (8) . Whereas researchers from the U.K. observed that users of insulin or insulin secretagogues had a higher cancer risk than metformin users (8) , in the Swedish study (6) and the Scottish study (7), there was no increased cancer risk in patients treated with insulin glargine compared with users of other types of insulin.
Because use of metformin may be associated with a lower cancer risk (30, 31) , the result from the U.K. study cannot address the association between use of insulin and cancer. Adding to this confusion, the German study (5) reported that insulin glargine users were at a lower overall risk of cancer than human insulin users after adjusting for age and sex (relative risk 0.86, 95% CI 0.79 -0.94). However, after adjustment for dosage, the authors found a "dose-dependent" increase in cancer risk with glargine compared with human insulin (5). On the other hand, we and others (12, 13) have reported that hyperglycemia was a risk factor for cancer in type 2 diabetes. Thus, the doseeffect relationship for cancer in the German study (5) may be confounded by severe hyperglycemia in the high-dose insulin glargine groups.
Traditional cohort design versus new-user design.
It is usual to use cohort studies to address possible drug effects, but cohort study designs may have difficulties in controlling for some potential confounding factors. The so-called prevalent user bias is considered a major contributing factor that results in discrepancies between observational studies and clinical trials. Compared with traditional cohort study designs, a new-user design can eliminate insufficient ascertainment of events that occur early in therapy and allow better control for disease risk factors that may have been altered by the study drugs in question. One of the main rationales underlying new-user designs is to synchronize the beginning of study follow-up with initiation of the drug therapy (24) . Failure to follow this principle may introduce major bias, such as confounding by risk factors that are associated with both therapy indication and clinical outcomes, with conclusions that are scientifically disastrous (32) . This is clearly illustrated by the recent controversy on insulin use and cancer; in a non-new-user cohort design, patients with uncontrolled hyperglycemia may be at high risk of cancer but are also more likely to be given insulin. The latter was then erroneously identified as a risk factor for cancer.
On the other hand, by controlling for all confounders, including risk factors, complications, use of medications, and duration of follow-up with respect to start of insulin in a new-cohort design, we were able to show the independent cancer risk with A1C and that of reduction of cancer with insulin therapy. Our sensitivity analysis using the traditional cohort design without including prevalent users also shows similar results. However, in the latter analysis, because nonuse of insulin from enrollment to initiation of insulin treatment was treated as "on-insulin" period, this can attenuate the true association of insulin with cancer compared with the new-user cohort. Adjustment for other confounders and competing risks. With improved survival from cardiorenal complications, cancer has become an important health hazard in diabetic patients. In this regard, competing risk (i.e., noncancer death) is unlikely to be a potential source of bias in our analysis because proportional hazard models such as Cox models can still give valid results when used to test HR (33) . In addition, in this new-user cohort design, the cumulative death rates were similar in insulin users and nonusers during 7 years of follow-up, and the adjusted HRs of use of insulin for death were nonsignificant, suggesting that the impacts of competing risk on our results, if any, are very small. Hyperglycemia, dyslipidemia, inflammation, dysregulated cellular growth, insulin resistance, and hyperinsulinemia can all contribute to cardiorenal complications and cancer in diabetic patients. Recently, we reported potential cross talk between lipid metabolism and the RAS in development of cancer in type 2 diabetes, possibly via the IGF-I signaling and cholesterol biosynthesis pathways (19) . Of note, hyperglycemia has a potent but reversible effect on LDL oxidation (20) . Oxidized LDL (ox-LDL) enhances the expression and activation of RAS components; the latter can in turn stimulate the accumulation of LDL and its oxidation into ox-LDL, thus setting up a vicious cycle (18) . Individually, ox-LDL and RAS activation induce oxidative stress and inflammatory cascade (18) . Thus, it is plausible that insulin use may reduce oxidative stress and inflammation by lowering blood glucose and thus reduce cancer risk. Indeed, in patients in whom hyperglycemia is the predominant metabolic risk factor for cancer, the theoretic growth-promoting and mitogenic effects of insulin on cancer development may be less important.
Despite its biological plausibility, other methods are needed to confirm these arguments, such as mechanistic and intervention studies. Unlike a clinical trial, measurement of A1C during these follow-up visits in real practice was not standardized, and thus the availability and changes in A1C levels may be biased in this epidemiologic analysis. If insulin could increase cancer risk by modulating cell growth, circulating insulin levels would presumably be important. Patients who required insulin may have lower natural levels than those who did not; therefore, supplementary insulin in these patients may increase the circulating insulin level comparable only with a natural level, which is not likely to increase cancer risk. Nevertheless, hyperinsulinemia remains an important issue in cancer risk and further studies are required to determine this risk association. *A total of 152 cancers of any type classified by the ICD-9 were analyzed. †Derived from stratified Cox models without adjusting for other covariates, but A1C and use of insulin were simultaneously entered in each of these models.
3.5
Hazard ratio for cancer Limitations and conclusions. These results need to be interpreted with caution because of study limitations. First, the follow-up time was relatively short, but the observed association of use of insulin on cancer was larger than expected. Second, because of the observational nature of the study, A1C was not systematically collected during follow-up visits. Third, principal discharge diagnoses were used to identify cancer cases. However, only a small number of cancer events would be missed, mainly due to patient emigration or treatment in the private sector. Fourth, the cohort was mainly clinic based, albeit the overall clinical profile was comparable with many community-based cohorts (22) . Fifth, although we used a new-user study design (24) , both measured and unmeasured confounders may still exist.
In conclusion, in a matched cohort of Chinese type 2 diabetic patients newly started on insulin, hyperglycemia was associated with an increased cancer risk, whereas insulin use was associated with a reduced cancer risk. Apart from reaffirming the importance of controlling hyperglycemia to prevent poor clinical outcomes, including cancer, at least in Chinese patients with type 2 diabetes, our use of a new-cohort design coupled with careful adjustment for confounding variables has provided a new strategy in pharmacoepidemiologic analysis.
